, MB, ChB, DPhil; on behalf of the RE-LY Investigators Background-Dabigatran reduces ischemic stroke in comparison with warfarin; however, given the lack of antidote, there is concern that it might increase bleeding when surgery or invasive procedures are required. 
T he Randomized Evaluation of Long-Term Anticoagulation Therapy (RE-LY) trial demonstrated that dabigatran is well tolerated and that, compared with warfarin, dabigatran 150 mg BID is more effective at preventing stroke and systemic embolism with a similar risk of major bleeding, whereas dabigatran 110 mg BID is associated with a lower risk of major bleeding and a similar rate of stroke and systemic embolism. 1 However, because the anticoagulant effect of dabigatran is currently difficult to precisely measure, and the drug does not yet have a specific antidote, there is concern that dabigatran may increase the risk of bleeding in patients undergoing invasive procedures, particularly if performed on an emergency basis. 2, 3 
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Each year, Ϸ10% of all patients receiving oral anticoagulants require treatment interruption for surgery or an invasive procedure. 4 Given the long and variable half-life of vitamin K antagonists, guidelines recommend that patients discontinue warfarin 5 days before major procedures, and that those at moderate or high risk of thromboembolic events receive perioperative bridging with low-molecular-weight heparin 4 -6 ; however, this is associated with additional costs, inconvenience, and risks. 4, 7, 8 The more predictable anticoagulant effect and shorter half-life of dabigatran has the potential to simplify the perioperative management of anticoagulation, but the risk of perioperative bleeding and thrombotic events with dabigatran has not been reported, and the best strategy for perioperative management of dabigatran is uncertain. The RE-LY trial captured extensive data on anticoagulant discontinuation for surgery or invasive procedure 9 and can help inform both of these issues.
Methods
The main results of the RE-LY trial have previously been published. 1 During the course of the study, all patients who required surgery, dental procedures, cardiac catheterization, or invasive diagnostic procedures (including percutaneous biopsy, peripheral angiography, and similar procedures) had details of the perioperative management of their anticoagulation prospectively recorded. Local investigators indicated if surgery was elective or urgent. Procedures were classified as major if they were documented to last Ͼ1 hour. The perioperative management of warfarin was according to local practice. From December 22, 2005 until August 7, 2008, the RE-LY protocol recommended discontinuation of dabigatran 24 hours before a procedure or surgery in all patients. Based on an improved understanding of the anticoagulant effect of dabigatran, 10 -12 from August 7, 2008 until the end of the study on March 31, 2009, a protocol amendment recommended that dabigatran be discontinued 24 hours before surgery or procedures deemed to be associated with a low risk of bleeding, such as coronary angiography or pacemaker implantation. For surgery or procedures deemed to be associated with a high risk of bleeding (such as cardiac, abdominal, and neurosurgery or procedures requiring spinal anesthesia), dabigatran was to be discontinued 2 to 5 days before surgery, depending on renal function (Table 1) . In all cases, dabigatran was restarted postprocedure once adequate hemostasis had been achieved.
For this analysis, the periprocedural period was defined as lasting from 7 days before the procedure until 30 days after. All outcomes were defined with the use of the same criteria that were used in the main RE-LY trial. 9 Bleeding outcomes of interest included major bleeding, fatal bleeding, bleeding requiring surgery, and all-cause bleeding. Major bleeding was the primary bleeding outcome for all analyses and was defined as a reduction in hemoglobin of at least 20 g/L, transfusion of at least 2 U of blood, or symptomatic bleeding into a critical area or organ. 1 Thromboembolic complications included ischemic stroke, systemic embolism, myocardial infarction, pulmonary embolism, and death. The primary analysis was limited to the first surgery or procedure for each patient during the course of the study to avoid the influence of intrapatient correlation for subsequent events; however, data are also presented for all surgeries performed during the trial. All cases of periprocedural stroke, systemic embolism, and myocardial infarction were reviewed to exclude outcomes in which the procedure or surgery was performed secondary to a clinical event (eg, embolectomy to treat systemic embolism).
The rate of bleeding and thrombotic complications in patients receiving warfarin in comparison with the rate in patients receiving dabigatran 110 mg BID or dabigatran 150 mg BID was presented by using the relative risk and a 2 test. Subgroup analyses were prespecified in the analysis plan to evaluate the outcome of major bleeding in patients having elective versus urgent surgery, in patients having major versus minor surgery, and for patients whose dabigatran was managed by use of the original versus amended protocol. The effect of these subgroups was evaluated using an interaction probability value. The effect of the timing of anticoagulant interruption on major bleeding was a post hoc analysis and was evaluated using the Cochran-Armitage test for trend. A secondary analysis of major bleeding was done using data from all procedures performed during the study, including subsequent procedures for patients who had Ͼ1. This analysis involved fitting a marginal logistic regression model with generalized estimating equation method, and the treatment effect was presented using the odds ratio.
Results
During a mean follow-up of 2 years, 4591 patients in the RE-LY trial had oral anticoagulant therapy interrupted at least once to have surgery or another invasive procedure. This represented 24.7% of patients assigned to dabigatran 110 mg, 25.4% assigned to dabigatran 150 mg, and 25.9% assigned to warfarin, Pϭ0.34. The baseline characteristics of patients having interruption of oral anticoagulant therapy for surgery or procedures were similar between the 3 treatment groups ( Table 2 ). The most common surgeries and procedures were pacemaker or defibrillator insertion (10.3%), dental procedures (10.0%), diagnostic procedures (10.0%), cataract removal (9.3%), colonoscopy (8.6%), and joint replacement (6.2%), with other types of surgery each accounting for a smaller proportion of cases (Table 2 ). Periprocedural bridging with intravenous heparin or low-molecular-weight heparin was used in 15.3% of patients assigned to dabigatran 110 mg BID, 17.0% of patients assigned to dabigatran 150 mg BID, and 28.5% of patients assigned to warfarin (PϽ0.001). Vitamin K was given perioperatively in 99 patients (2.2%): 9 of 1487 on dabigatran 110 mg BID, 18 of 1546 on dabigatran 150 mg BID, and 72 of 1558 on warfarin. Fresh-frozen plasma was given to 1.5% of patients: 20 of 1487 on dabigatran 110 mg BID, 17 of 1546 on dabigatran 150 mg BID, and 32 of 1558 on warfarin.
There was no significant difference in the incidence of perioperative major bleeding between patients receiving warfarin (4.6%) in comparison with dabigatran 110 mg BID (3.8%) and dabigatran 150 mg BID (5.1%) ( Table 3) . The results for all other bleeding outcomes, including fatal bleeding, bleeding requiring reoperation, bleeding requiring transfusion of red blood cells, and minor bleeding were consistent with the primary outcome of major bleeding ( Table 3 ). The incidences of stroke and all other thromboembolic complications, including cardiovascular death, systemic embolism, myocardial infarction, or pulmonary embolism, were low and not significantly different between randomized treatment arms ( Table 3) . Repeating this analysis, including initial and all subsequent procedures performed during the RE-LY trial, there were 2485 procedures performed in patients receiving dabigatran 110 mg BID, 2635 in those receiving dabigatran 150 BID, and 2517 in patients receiving warfarin. After adjusting for correlated outcomes, the results for major bleeding remained similar to the analysis examining only first procedures, both for dabigatran 110 mg BID (odds ratio, 0.88; 95% CI, 0.63-1.12; Pϭ0.23) and dabigatran 150 mg BID (odds ratio, 0.92; 95% CI, 0.70 -1.22; Pϭ0.57) compared with warfarin.
Among patients assigned to warfarin, 7.1% of surgery was classified as urgent in comparison with 4.2% of patients assigned to dabigatran 110 mg BID and 9.1% of patients assigned to dabigatran 150 mg BID (Table 4 ). In comparison with those having elective surgery, the incidence of major bleeding for patients in each treatment arm who had urgent surgery were 5-to 6-fold higher (Table 4 , PϽ0.001 for all treatment arms). Similarly, the incidence of ischemic stroke or systemic embolism was Ͼ4 times greater among patients in all treatment groups who underwent urgent surgery: dabigatran 110 mg BID (2.8% versus 0.3%); dabigatran 150 mg BID (1.4% versus 0.4%), and warfarin (1.8% versus 0.4%). However, there were no significant differences in these outcomes between treatment groups when separately considering elective or urgent surgery (Table 4) .
Accurate procedural durations were available for 28% of all surgery or procedures, which were classified as major in 53% of cases. In all 3 treatment arms, major bleeding was more common with major than with minor surgery: dabigatran 110 mg BID, 6.1% versus 1.9%; dabigatran 150 mg BID, 6.5% versus 3.2%; and warfarin, 7.8% versus 1.8%; PϽ0.01 for all (Table 4) 
19]).
During the course of the RE-LY trial, the suggested approach for the preprocedural management of dabigatran was changed from discontinuation 24 hours preprocedurally in all cases, to an algorithm based on renal function for patients having surgery with an anticipated high risk of bleeding, which recommended discontinuation of dabigatran 5 days or more before the procedure for those with a creatinine clearance of Ͻ30 mL/min ( Table 1 ). The majority of surgeries and procedures in this analysis were characterized as having a low risk of bleeding (Table 2) . For patients treated with each dabigatran dose, there was no significant difference in the rate of major bleeding before the amended perioperative recommendations and after (P-interaction is 0.81 for dabigatran 110 mg BID versus warfarin and 0.81 for dabigatran 150 mg BID versus warfarin; Table 4 ).
A separate analysis was done to determine the impact of the timing of preoperative study medication interruption on the rate of major bleeding and the influence of baseline renal function on this risk (Table 5) . Among patients assigned to dabigatran 110 mg BID, the last dose of study drug was given 49 (interquartile range, 35-85) hours before the procedure; 49 (interquartile range, 34 -84.5) hours among patients receiving dabigatran 150 mg BID and 114 (interquartile range, 87-144) hours in patients receiving warfarin, PϽ0.001. Study drug was discontinued within 48 hours before the surgery or procedure in 46% of patients receiving dabigatran 110 mg BID, 46% of patients receiving dabigatran 150 mg BID, and 11% of patients receiving warfarin, PϽ0.001. Among surgeries or procedures that were completed within 48 hours of study drug discontinuation, they were classified as urgent in 7.9% of patients receiving dabigatran 110 mg BID, 10.5% of patients receiving dabigatran 150 mg BID, and 28.7% of patients receiving warfarin, PϽ0.0001. In comparison with warfarin, both doses of dabigatran were associated with a lower risk of perioperative bleeding when study medication was discontinued within 48 hours before surgery (Table 5) .
Discussion
This study compared the periprocedural use of dabigatran with warfarin and includes data from 7637 procedures in 4591 people who underwent at least 1 surgical procedure. It demonstrates that both dabigatran doses and warfarin are associated with similar rates of perioperative bleeding and thrombotic complications, even among patients having urgent or major surgery. This is reassuring, given the lack of a widely available test to precisely measure the anticoagulant effect of dabigatran and the lack of a direct reversing agent 2 and the concern that dabigatran may increase the risk of bleeding complications related to surgery or procedures, especially those that are urgent. 3 This analysis also highlights how commonly anticoagulated patients with atrial fibrillation require invasive procedures or surgery, because this occurred in approximately one-fourth of patients in RE-LY 1 over a 2-year period.
The RE-LY trial was not specifically designed to evaluate periprocedural bleeding, and no formal statistical power was calculated a priori for this outcome. However, the randomized design of RE-LY and the large number of patients included in this analysis should reliably exclude large differences in periprocedural bleeding outcomes between the anticoagulant strategies that were evaluated. Using the confidence interval approach and examining only outcomes for first procedures, we can conclude with 95% confidence that, compared with warfarin, the use of dabigatran 110 mg BID does not increase the rate of periprocedural major bleeding by Ͼ17% and dabigatran 150 mg BID does not increase major bleeding by Ͼ49%. When one considers all 7637 treatment interruptions for procedures in RE-LY, we have 95% confidence to conclude that the rate of periprocedural major bleeding is not increased by Ͼ12% with dabigatran 110 mg BID and 22% with dabigatran 150 mg BID. Furthermore, our results in those patients undergoing procedures is consistent with the overall results of the RE-LY trial, 1 and this provides additional confidence that our findings of similar rates of major bleeding between treatment groups is accurate.
One of the key advantages of dabigatran in comparison with warfarin in patients undergoing invasive procedures is its short half-life, which enables dabigatran to be continued in many patients until 24 to 48 hours before the procedure, thereby minimizing the risk of thromboembolic complications, the costs and complications of heparin bridging, but still ensuring adequate hemostasis at the time of surgery. 2, 7, 8 In RE-LY, nearly half of all patients treated with dabigatran had surgery within 48 hours of stopping oral anticoagulation, a rate Ͼ4 times higher than among patients receiving warfarin. When surgery or a procedure was performed during this short period, dabigatran-treated patients had a substantially lower rate of major bleeding in comparison with those receiving warfarin, although this is likely explained by the higher proportion of nonurgent surgery that was completed in dabigatran-treated patients. There was very likely a greater tendency among dabigatran-treated patients than among warfarin-treated patients to perform surgery within 24 to 48 hours among patients perceived to be at lower risk of bleeding and to wait Ͼ72 hours among patients with a higher risk. There was rather limited use of vitamin K and freshfrozen plasma among warfarin-treated patients. Although physicians express a desire for specific reversing agents, Ͻ5% of warfarin-treated patients in the RE-LY trial received vitamin K and 2% received fresh-frozen plasma before undergoing an invasive procedure. By contrast, the short half-life of dabigatran facilitated rapid restoration of normal hemostasis, obviating the need for an antidote in the majority of patients.
The optimal timing of discontinuation of dabigatran before surgery is influenced by renal function and the bleeding risk of the surgery. 10, 11 Dabigatran is 80% renally excreted; in patients with a creatinine clearance Ͼ80 mL/min, it has an estimated half-life of 13 hours (range, 11-22 hours); in those with a clearance of 51 to 80 mL/min, the half-life is 15 hours ; and in those with a clearance of 31 to 50 mL/min, the half-life is 18 hours. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] For patients undergoing procedures that are associated with a standard risk of bleeding (eg, hernia repair), dabigatran should be stopped for 2 to 3 half-lives before the procedure, because this will allow drug levels to fall to 25% or lower of steady-state trough levels. 10, 11 For procedures that are associated with a high risk of bleeding (eg, cardiac surgery) or procedures for which normal hemostasis is critical (eg, neurosurgery), dabigatran is recommended to be stopped for 4 to 5 half-lives before surgery, and an activated partial thromboplastin time or thrombin time should ideally be performed before surgery to ensure that the level has returned to normal. 10, 11 The Hemoclot test, calibrated for dabigatran, is available outside the United States and will be useful once it becomes more widely available, because it provides a highly accurate estimation of dabigatran concentration. 11 Although this analysis from RE-LY did not demonstrate a reduction in major perioperative bleeding with introduction of the more conservative protocol for the preoperative management of dabigatran (Table 1) in comparison with simply withholding for 24 hours in all patients, the majority of patients included in these analyses underwent surgery with a "standard" risk of bleeding so the comparative analysis is underpowered (Table 2) . Furthermore, the amended protocol was introduced relatively late in the course of the trial and was tested in relatively small numbers of patients. Nevertheless, the amended protocol recommendations take into account what we know about the pharmacology of dabigatran, 11-14 and we support their adoption for the management of dabigatran-treated patients undergoing an invasive procedure (Table 1) .
Conclusions
Compared with warfarin, dabigatran is associated with similar rates of perioperative bleeding and thrombotic complications, even among patients having major or urgent surgery. Patients receiving dabigatran were 4 times more likely to have their procedure or surgery within 48 hours of withholding anticoagulation.
Sources of Funding
The RE-LY trial was funded by Boehringer-Ingelheim.
Disclosures
Dr Healey has received consulting fees, lecture fees, and grant support from Boehringer-Ingelheim, Astra-Zeneca, Bayer, St. Jude Medical, and Boston Scientific. Dr Connolly has received consulting fees, lecture fees, and grant support from Boehringer-Ingelheim, Dr Ezekowitz has received consulting fees, lecture fees, and grant support from Aryx Therapeutics, and Boehringer-Ingelheim; con- 
Healey et al Periprocedural Bleeding With Dabigatran
sulting fees from Sanofi-aventis; lecture fees and grant support from
